bryonic day 3.5 (E3.5), the ganglion cell layer of the retina is separated from the neuroepithelial layer at E10, myelinated nerve fibers are formed in the nerve fiber layer at E16, and basic connections among neurons are completed at E18 [10, 11] . Therefore, the chick retina at E18 exhibits the same structure as the adult retina. In this study, we compared the spatiotemporal distributions of HSP27 and aBC expression in the developing chick retina and optic nerve in order to deduce the role of sHSP during normal development of the retina and optic nerve.
Materials and Methods

Experimental animals and tissue preparation
Fertilized eggs (Pulmuone, Korea) were incubated at 38� C in a humidified atmosphere until they reached the appropriate embryonic days as described by Hamburger and Hamilton [10] . Embryonic chicks were cryoanesthetized on ice, rapidly decapitated, and lenses and vitreous bodies were removed from eyeballs. Retinal tissues were fixed by immersion in 4% paraformaldehyde (PFA, Sigma-Aldrich, USA) in 0.05 M phosphate buffered saline (PBS, pH 7.2) for 3 hrs, cryoprotected by immersion in 30% sucrose solution, embedded in frozen section compound (FSC22, Leica, Germany), and frozen rapidly. Retinae were horizontally cut through the middle of the optic fissure into 10~14 μm sections using a cryostat (CM3050S, Leica, Germany). The study was approved by the Institutional Animal Care and Use Committee of Chungbuk National University (Approval No. CBNUA-092-0906-01).
Immunohistochemical staining
Retinal sections were pre-blocked with 10% normal goat 38 Je Hoon Seo, Ji Young Kim and mouse anti-aBC (1 : 500, ADI-SPA-222, Enzo Life Sciences, USA) antibodies diluted in PBS. Subsequently, immunohistochemistry was performed using the avidinbiotin peroxidase complex method as described previously [12] . Briefly, retina tissues were incubated with biotinylated horse anti-mouse IgG (Vector Laboratories, USA) and goat anti-rabbit IgG (Vector Laboratories, USA) diluted 1 : 400 in PBS, washed in PBS, incubated with avidinbiotin-peroxidase complex (ABC Elite kit, Vector Laboratories, USA), visualized with DAB (Sigma-Aldrich, USA), and mounted with Permount (Fisher Scientific, USA). For negative controls, primary or secondary antisera were omitted from the immunohistochemical staining procedure.
Double immunofluorescence
Retinal sections were pre-blocked with 10% normal goat serum for 30 min and incubated with a couple of antibodies for double immunostaining. Mouse anti-aBC, anti-NeuN (mouse, 1 : 200, MAB377, Millipore, USA) and anti-nkx2.2 (mouse, 1 : 10, 74.5A5, Developmental Study of Hybridoma Bank, USA) antibodies were incubated with rabbit anti-HSP27 antibody. Anti-NeuN and nkx2.2 antibodies were used to label ganglion cells and oligodendrocytes, respectively [13, 14] . Retina tissues were washed in PBS and incubated with Cy2-and Cy3-labeled secondary antibodies (1 : 500, The Jackson Laboratory, USA). Immu-Small HSP in Developing Retina and Optic Nerve 39 
Results
Expression of HSP27 and aBC in retinae
HSP27 and aBC immunoreactivities were not observed in E14 retinae ( Fig. 1A-C ). In E16 retinae, weak HSP27 immunoreactivities were observed in the ganglion cell layer and nerve fiber layer. However, aBC showed strong immunoreactivity only in the nerve fiber layer ( Fig. 1D-F) . In E20 retinae, both HSP27 and aBC showed strong immunoreactivity in the nerve fiber layer, and HSP27 showed weak immunoreactivity in the ganglion cell layer ( Fig.  1G -I).
Double labeling analysis showed that almost all HSP27 immunolabeling cells in the nerve fiber layer were also aBC immunolabeling ( Fig. 2A-C) . In a previous study, we found aBC was exclusively expressed in oligodendrocytes in the chick retina [11] , and in the present study we found that HSP27 was also expressed in oligodendrocytes. This result was confirmed by double labeling with HSP27 and nkx2.2 (oligodendrocyte marker). HSP27 immunolabeling cells in the nerve fiber layer were nkx2.2 immunolabeling oligodendrocytes ( Fig. 2D-F) , whereas most HSP27 immunolabeling cells in the ganglion cell layer were NeuN immunoreactive ganglion cells ( Fig. 2G-I ).
Expressions of HSP27 and aBC in the optic nerve
Cellular distributions of HSP27 and aBC showed similar patterns in the optic nerve. HSP27 and aBC immunoreactivities were not observed in optic nerves at E14 ( Fig.  3A-C) , but at E16, HSP27 and aBC immunoreactivities were observed in oligodendrocytes with typical small round or oval cell bodies ( Fig. 3D-F) . At E20 in optic nerves, the shapes of HSP27 and aBC immunoreactive cells were similar to those of previous stages and numbers of immunoreactive cells were increased ( Fig. 3G-I) .
In summary, HSP27 and aBC were expressed in oligodendrocytes of the retina and optic nerve from E16, and HSP27 was also expressed in ganglion cells of the retina from E16 (Table 1 ).
Discussion
We reported in the previous study chicken (Gallus gallus) HSP27 and aBC showed amino acid sequence homology (44%) and that the distributions of these two proteins are similar in the developing chick cerebellum [14] . In the present study, we found that distributions of HSP27 and aBC in the retina and optic nerve also exhibit similar spatiotemporal patterns. Neither of the two proteins was expressed at E14, but both were expressed at E16 and these expressions were increased in the retina and optic nerve at E20. With regard to cellular distributions, HSP27 and aBC were commonly expressed in oligodendrocytes in the retina and optic nerve, although HSP27 was also expressed in ganglion cells. These observed similarities between the spatiotemporal expressions of HSP27 and aBC suggest that these two sHSPs play analogous roles during retina and optic nerve development.
Numerous studies demonstrated that many sHSPs act as a molecular chaperone which prevent irreversible aggregation of unfolded proteins and assist their folding under normal conditions as well as stress conditions [15] . They also function as anti-apoptotic agents by inactivation of caspase cascade [16] [17] [18] . Indeed, overexpressions of HSP 27 and aBC by gene delivery systems protect neurons from the apoptosis [19] [20] [21] . Furthermore, a few reports demonstrated that sHSPs are expressed in the retina under pathological conditions and suggested that sHSPs play a protective role on the retina. For example, both HSP27 and aBC are expressed in diabetic rat retina and they may protect the retinal neurons in chronic diabetes [22] . Expression of HSP27 in retinal ganglion cells after transection of the optic nerve may be involved in enhanced survival of ganglion cells [23] . In the same sense, it is plausible that our result of HSP27 and aBC expressions in the retina and optic nerve from E16 may be associated with protective role on ganglion cells and oligodendrocytes during late retinal development.
Retinal oligodendrocytes in the chicken arise from the floor of the third ventricle at E5. Thereafter, they migrate ventrolaterally and enter into the retina at E10 through the optic nerve [24] . Unlike that observed in mammals, the avian optic nerve contains loose lamina cribrosa sclerae and permits oligodendrocyte passage [24, 25] . Immature oligodendrocytes entering the retina finally become mature myelinating oligodendrocytes by repeated proliferation and differentiation. We suppose because myelin basic protein (MBP; a prominent myelin marker) is first expressed in the chick retina at ~E16 [11] , the HSP27 and aBC immunoreactive cells observed in the retina and optic nerve in the present study were not immature oligodendrocytes but mature myelinating oligodendrocytes.
Oligodendrocytes are vulnerable to oxidative stress by free radicals [26] , and mature oligodendrocytes may be vulnerable to free radicals, because the myelin of mature oligodendrocytes contains higher levels of lipids than any other cell membrane [26, 27] . Nevertheless, mature oligodendrocytes are more resistant to oxidative stress than immature oligodendrocytes [28] . We previously found mature oligodendrocytes exclusively express aBC and suggested that aBC might protect cells [28] . The present study suggests that HSP27 and aBC act as molecular chaperones to maintain the biological activities of mature oligodendrocytes exposed to oxidative stress. Further studies are required to explore this suggestion and identify the mechanism responsible.
More than 50% of neurons undergo apoptosis during brain development [29] , and subsequently, differentiated Small HSP in Developing Retina and Optic Nerve 41 neurons with neural connections must survive for a long time, because they cannot proliferate. In vitro and in vivo evidences indicate that HSP27 may enhance the survival of differentiated neurons. For example, several studies have demonstrated that HSP25 and HSP27 protect Purkinje cells in the developing rodent cerebellum [30] [31] [32] , and in other studies, the expressional suppression of HSP27 provoked the apoptosis of PC12 cells [33] and HSP27 microinjection increased neuronal survival and decreased apoptosis under stressful conditions [34] . In the present study, HSP27 was expressed in ganglion cells, which suggests that it prevents the apoptosis and increase the survival of these cells.
In summary, we compared the spatiotemporal distributions of HSP27 and aBC in the developing chick retina and optic nerve. HSP27 and aBC were expressed in oligodendrocytes of the retina and optic nerve from E16, and HSP27 was expressed in ganglion cells of the retina. These results suggest that HSP27 and aBC act to protect ganglion cells and oligodendrocytes during late development of the chick retina and optic nerve.
